A gene cluster for the non-ribosomal synthesis of a peptide of unknown structure has been identified in the partial genome sequence of Streptomyces coelicolor. Using molecular and computational analyses, the total structure of a tripeptide siderophore synthesized by the nonribosomal peptide synthetase within the cluster has been deduced from the translated sequence of its encoding gene. This represents a novel method for the structural assignment of natural products from genome sequence data. ß 2000 Published by Elsevier Science B.V. on behalf of the Federation of European Microbiological Societies.
Introduction
Genome sequencing data are accumulating at a phenomenal rate. Arguably, the greatest challenge posed by these data is the assignment of a protein's function from its sequence. Assuming proteins of a similar sequence perform similar functions, many proteins can be assigned a function via homology-based analyses such as Blast [1] . However, these analyses are often less useful for enzymes because only the type of reaction catalyzed and not the substrate(s) and product(s) of the reaction can be predicted.
The majority of known microbial antibiotics ( s 65%) in addition to a number of other commercially important pharmaceuticals and agrochemicals are produced by members of the actinomycetes, especially those from the Streptomyces genus [2] . These compounds encompass most natural product classes, including L-lactams, peptides, polyketides, oligosaccharides, terpenes and alkaloids. Hence, genome sequencing of the most thoroughly characterized member of this genus, Streptomyces coelicolor, has recently been undertaken [3] .
Recent research has established a common biosynthetic mechanism for such medicinally important microbial peptides as penicillin, vancomycin and cyclosporin, and a class of compounds essential for the virulence of bacterial pathogens, known as siderophores [4] . This mechanism is non-ribosomal and the multienzymes involved are able to incorporate an enormous variety of amino (and other) acids into the peptide. These enzymes can also epimerize, N-methylate and/or dehydrate (to form hetero-and macro-cycles) these precursors [5] .
Genetic studies on non-ribosomal peptide synthetases (NRPSs) have led to the identi¢cation of sequence motifs within these multienzymes for individual enzymatic domains [5] . Thus, domains catalyzing the adenylation, thiolation, epimerization, N-methylation, condensation or heterocyclization of substrates, and cleavage of products from NRPSs can be readily identi¢ed. These data have been used to correlate peptides of known structure with putative genes encoding their synthesis, as exempli¢ed by the recent identi¢cation of the mycobactin cluster from the genome sequence of Mycobacterium tuberculosis [6] . Until very recently, however, it has not been possible to assign the structure of a peptide from the sequence of its NRPS alone, because the amino acid activated by individual adenylation (A) domains could not be unambiguously assigned. We have devised a method for overcoming this problem by identifying the speci¢city determining residues in A-domains of NRPSs, based on the structure of the gramicidin S synthetase (GrsA) A-domain [7] . In this paper, we present the complete structure deduction of an unknown siderophore from the translated sequence of an NRPS gene identi¢ed in the un¢nished genome sequence of S. coelicolor using this method.
Results and discussion

Identi¢cation of a new NRPS encoded by the S. coelicolor genome and assignment of its functional domains
A search of the available S. coelicolor genome sequence revealed a novel NRPS homologue on cosmid SCF-34 of the ordered genomic library [8] . The protein encoded by this gene consists of 3643 amino acids and has a predicted molecular mass of 390 kDa. Using the conserved sequence motifs for individual NRPS domains, three A-domains, three peptidyl carrier protein (PCP) domains, two condensation (C) domains and two epimerization (E) domains were identi¢ed within the NRPS [5] . Unusually, a thioesterase (TE) domain, capable of catalyzing the cleavage of the assembled peptide from the NRPS, was absent from the C-terminus of the protein. Based on this analysis, the synthetase (CchH) consists of 10 domains, organized into three modules, and is predicted to produce a D-D-L-tripeptide (Fig. 1). 
Prediction of adenylation domain substrates and the product structure of NRPS CchH
Since no tripeptide secondary metabolites have been isolated from S. coelicolor, the NRPS CchH cannot be attributed to the synthesis of a known natural product. We therefore attempted to predict the structure of the product of this synthetase. By aligning the sequence between the A3 and A6 sequence motifs of the three A-domains within CchH with that from the corresponding region in the gramicidin NRPS GrsA, the eight residues forming the speci¢city pocket in each domain were predicted. Comparison of these predictions with those for all other NRPS Adomains of assigned speci¢city allowed identi¢cation of the amino acids activated by modules 1, 2 and 3 as L-5-hydroxy-5-formylornithine, L-threonine and L-5-hydroxyornithine, respectively (Table 1) [7] . Table 1 Prediction of CchH A-domain speci¢city determining residues and amino acid substrates Based on the data presented in Fig. 1 and Table 1 , two possible structures 1 and 2 were deduced for the product of CchH, both of which are novel. Of these, we favor 2 because cleavage of 1 from the synthetase would be expected to require a C-terminal TE domain in CchH, which is lacking. On the other hand, cleavage of 2 from the synthetase could occur via attack of the 5-amino group of the C-terminal 5-hydroxyornithine residue through a kinetically favored 6-exo-trig transition state [9] . Thus, a C-terminal TE domain would not be required in CchH for formation of 2.
Structure 2 is similar to many hydroxamic acid-containing siderophores from bacteria, in particular exochelin MS and exochelin MN from Mycobacterium smegmatis and Mycobacterium neoaurum, respectively, and antibiotic L-654040 from Streptoverticillium syroense [10^12]. We therefore suggest that 2, which we have named coelichelin, is a novel S. coelicolor siderophore. The two hydroxamic acid groups and the threonine hydroxyl group in this structure are likely candidates for the chelation of Fe 3 . S. coelicolor is known to produce two other hydroxamate siderophores, desferrioxamines E and G1, which are oligomers of alternating succinate and 1-amino-5-hydroxyaminopentane residues [13] . The gene cluster encoding the biosynthesis of these metabolites has yet to be discovered in the S. coelicolor genome.
The coelichelin biosynthetic gene cluster
Analysis of the genes surrounding cchH led to the identi¢cation of a cluster of 15 genes (cchA^cchO) spanning 29 kb of cosmid SCF-34, thought to be involved in the synthesis, transport and degradation of coelichelin (Fig. 2) . The deduced function of many of these genes, based on their homology to genes of known function, supports the proposed structure and function of coelichelin. For example, cchA and cchB encode a putative L-5-hydroxyornithine 5-formyl transferase and a putative L-ornithine 5-monooxygenase, respectively. These enzymes are required to convert L-ornithine to L-5-hydroxyornithine and L-5-hydroxy-5-formylornithine, which are the third and ¢rst residues, respectively, of our predicted structure. Similarly, cchC, cchD, cchE, cchF, cchG and cchI are all homologous to siderophore-binding lipoproteins or siderophore ABC transporters, which supports the suggested function of coelichelin as a siderophore. Other genes in the cluster appear to be involved in the regulation of coelichelin synthesis and recovery of iron from the siderophore inside the cell (GenBank accession no. AL109974).
Conclusion
A gene cluster for the biosynthesis of an unknown peptide in S. coelicolor has been identi¢ed which contains an NRPS consisting of three modules and 10 domains. Using both previously described signature sequence motifs and a newly developed method for predicting the substrate of individual A-domains within NRPSs, we have deduced the complete structure of the tripeptide product, coelichelin, from the sequence of its NRPS. The deduced function of other genes in the cluster supports the assigned structure and suggests a role for this novel tripeptide in S. coelicolor as a siderophore.
To the best of our knowledge, this is the ¢rst example of the complete structure assignment of a natural product using only the sequence of the genes encoding its synthesis. As the number of gene clusters encoding the non-ribosomal synthesis of unknown peptides increases with accumulating genomic data on microorganisms, such methodology will become increasingly important for structure elucidation of peptides and the characterization of the multienzymes that catalyze their synthesis.
Work directed towards the synthesis of 2, determination of its iron-binding ability and its isolation from S. coelicolor, transcriptional analysis of cchH and biochemical characterization of the NRPS encoded by this gene is currently in progress.
